Abstract-High-voltage direct-current (HVDC) systems are being widely employed in various applications because of their numerous advantages such as bulk power transmission, efficient long-distance transmission, and flexible power-flow control. However, line-commutated-converter-based HVDC systems suffer from commutation failure, which is a major drawback, leading to increased device stress and interruptions in transmitted power. This paper proposes a predictive control strategy, deploying a commutation failure prevention module to mitigate the commutation failures during ac system faults. The salient feature of the proposed strategy is that it has the ability to temporarily decrease the firing angle of thyristor valves depending on the fault intensity to ensure a sufficient commutation margin. In order to validate the performance of the proposed strategy, several simulations have been conducted on the CIGRE Benchmark HVDC model using PSCAD/EMTDC software. Additionally, practical performance and feasibility of the proposed strategy are evaluated through laboratory testing, using the real-time Opal-RT hardware prototyping platform. Simulation and experimental results demonstrate that the proposed strategy can effectively inhibit the commutation failure or repetitive commutation failures under different fault types, fault impedances, and fault initiation times.
transmission either as long-distance interconnections or as backto-back asynchronous links [1] [2] [3] . Even though the voltagesource converter (VSC)-based HVDC system is a much more modern technology, which can be the most suitable option for multiterminal direct-current grids, the conventional thyristorbased LCC technology is still superior to self-commutating VSC transmission in terms of power losses, capital cost, stability, and reliability for large-scale HVDC networks [4] .
In spite of the large number of studies in the field of LCCbased HVDC systems, some of their common drawbacks still exist, which need to be resolved by power system engineers and researchers. Commutation failure is one of them, which may occur as a consequence of voltage reduction due to ac system faults or switching actions close to the inverter station [5] . It may cause a temporary outage of the HVDC link and, hence, influence the performance of the whole power system. Moreover, commutation failure is always accompanied with a drastic current increase, which leads to the overheat of thyristor valves, gradually shortening their lifespan [6] .
Commutation failures are frequently occurring dynamic events, which have been reported in many practical LCCbased HVDC projects around the world; for instance, National Power Grid of China recorded the concurrent commutation failures and forced blocking of converter stations in 2013. This accident caused a reduction of 4530-MW power transmitted by HVDC links, which led to a significant reduction of the inverter-side ac system frequency and an increase of power in the adjacent HVAC lines. Also, the generators at the rectifier side were tripped, and spinning reserves were activated at the inverter side to compensate for the loss of active power [7] . As a result, it is of significance to deeply study the mechanism of commutation failures and corrective measures to mitigate the above-mentioned consequences in the power systems.
To date, a number of alternative solutions have been proposed in the technical literature to reduce the risk of commutation failures in LCC-based HVDC systems through modification of control systems. The first solution is to maintain a constant margin angle control. However, it is identified in [8] that the constant margin angle control contrarily augments the voltage reduction and, thus, leads to even more severe failures. Another solution is to enhance the margin angle control when a reduction at the inverter ac bus is sensed. Based on this approach and mechanism analysis of commutation failures, various firing angle control strategies are presented. In [9] , a technique is proposed to directly detect the deionization margin angle and to prevent the commutation failure in the inverter station. In the proposed method, the deionization margin angle is measured by the anode-cathode voltage of the valve and the ac phase voltage. Nevertheless, it is recognized in [10] that direct measurement of the anode-cathode voltage is not always practically nor economically feasible. Furthermore, since there are six (or 12) valves in a converter, it is necessary to obtain the minimum value of the extinction angle of all the valves. Tamai et al. [11] present a control strategy, which reduces the firing angle of valves once the commutating voltage is distorted. In this approach, the commutating voltage distortion is detected by the extraction of its harmonic components, but, according to [12] , the time required to extract the harmonic components of a signal depends on its fundamental frequency, which takes 20 ms in a 50-Hz system. Therefore, the proposed approach can only be effective in preventing repetitive commutation failures. In [13] , a control strategy is developed to reduce the risk of commutation failures caused by single-line-to-ground (SLG) faults. The idea is to continuously monitor the supply line voltage and to calculate whether a particular voltage change is so dangerous that it becomes necessary to advance the firing time for the thyristors. If this is the case, the control strategy is changed immediately. However, in this work, only commutation failures caused by SLG faults are taken into account. Also, a commutation failure prevention function is developed in [14] to immediately deduct an additional angle from the firing angle in the case of a fault incident at the inverter ac side. In the developed function, the zero-sequence component and the abc-αβ transformation are applied to recognize unsymmetrical and symmetrical faults, respectively. Nevertheless, the intensity of the fault incident is neglected for the determination of the reduced firing angle. In [15] , an alternative technique is proposed based on the reduction of the commutated dc current by lowering the current order at the rectifier side after the detection of an ac voltage disturbance. Even though the proposed technique remedies the problems of other previous methods, the change of current order at the rectifier side cannot be quick enough regarding the normally long distance of HVDC links.
Based on further investigation of the commutation failure mechanism, this paper proposes a predictive control strategy, deploying a commutation failure prevention module (CFPM) to mitigate the commutation failures in LCC-based HVDC systems. In the case of a fault incident on the inverter side, the developed CFPM temporarily decreases the firing angle of thyristor valves depending on the fault intensity to ensure a sufficient commutation margin.
The remainder of this paper is as follows. In Section II, the commutation process under normal and fault conditions is discussed. Section III describes the proposed predictive control strategy for commutation failure mitigation. In Section IV, the effectiveness of the proposed strategy is validated using several simulations on the CIGRE Benchmark HVDC model. Section V evaluates the practical performance and feasibility of the proposed strategy through laboratory testing. Finally, Section VI concludes this paper. 
II. COMMUTATION PROCESS UNDER NORMAL AND FAULT CONDITIONS

A. Commutation Process Under Normal Conditions
The Graetz bridge is the most universally used configuration for HVDC LCCs. It includes six thyristor valves, each connecting one of the three phases (TPs) to one of the two dc terminals. The Graetz bridge can be employed for power transmission in two directions by applying different firing angles to its thyristor valves. If the firing angle is set up to 90
• , the output dc voltage becomes positive and the bridge operates in the rectifier mode by flowing the power from the ac side to the dc side; instead, if the firing angle is made greater than 90
• , the dc voltage polarity changes and the converter acts as an inverter by reversing the direction of power flow [16] [17] [18] . Fig. 1(a) shows the configuration of the Graetz bridge in the inverter mode.
The switching of current conduction from one of the thyristor valves to another in the same row is referred to as commutation [19] . Due to the inductance of the supply lines and filters and the leakage inductance of the converter transformer, the commutation process cannot be instantaneous and takes place for a certain time, which is termed as the overlap time or the angle of overlap (μ). For successfully switching a thyristor valve in an LCC, a certain time is required that its internal stored charge produced during a forward conduction interval of a valve be eliminated before it can establish a forward voltage blocking capability. This time is referred to as the deionization time or the angle of extinction (γ) [20] . Let us assume that valves T 1 and T 2 in Fig. 1(a long as the voltage is positive; otherwise, a commutation failure happens and power transmission is temporarily interrupted. The equivalent circuit of the Graetz bridge during the commutation process between valves T 1 and T 3 in the inverter operation mode is shown in Fig. 1(b) . As can be seen from the figure, a circulating current (i), referred to as a commutating current, flows in the opposite direction of i T 1i during the commutation and tries to decrease it.
This process lasts until i T 1i becomes zero and the commutating current becomes equal to the direct current I di . This is demonstrated in Fig. 2 , where α i and i T 1i and i T 3i are the firing angle of valve T 3 and the currents flowing through valves T 1 and T 3 in the inverter operation mode, respectively.
It can also be seen from Fig. 2 that the dc voltage in the inverter mode (V di ) during the commutation process is reduced due to the effect of overlap. The average dc voltage in the this mode can be calculated as
In this equation, V LN is the rms line-to-neutral ac voltage, and ΔV com. denotes the average of dc voltage drop during commutation, which can be expressed as
where R c = 3 π ωL c is the equivalent commutation resistance and A is the area resulting from voltage drop during the commutation, which is shown in Fig. 2 . Also, I di represents the direct current, which can be calculated as
The same analysis can also be performed for the rectifier operation mode except that valve T 3 is fired at α r . It can be seen from Fig. 2 that the remaining of commutating voltage in this mode (γ r ) is large enough for a successful commutation, and hence, commutation failures rarely happen in the rectifier mode.
B. Commutation Process Under Fault Conditions
As mentioned before, the risk of commutation failure in the inverter mode is much higher than that in the rectifier mode. Because of this, commutation failures in LCC-based HVDC systems often take place in the inverter stations due to the voltage disturbances resulting from the ac faults at their ac side [21] . AC faults can be of symmetrical TP or nonsymmetrical type.
Symmetrical TP faults reduce the voltage magnitude of all TPs in a balanced manner, but do not result in distortion of phase angles. Assuming that the firing angle does not change during such faults, the overlap area increases proportionally to the direct current, and hence, the post-fault extinction angle decreases. Fig. 3 (a) illustrates how a reduction in the commutating voltage influences the commutation process.
Nonsymmetrical faults that are the most frequent type in the power systems lead to distortions of the commutating voltage. Such types of faults not only reduce the commutating voltage magnitude, but also result in phase angle shifts. Phase angle shifts may be either backward or forward. However, only backward phase angle shifts have a negative influence on the commutation process. The effect of a backward phase angle shift on the commutation process is shown in Fig. 3(b) , which can be analyzed similarly to Fig. 3(a) .
III. PROPOSED PREDICTIVE CONTROL STRATEGY
A. Design of LCC-Based HVDC Controllers
Transmission of large amounts of electric power through HVDC systems can only be accomplished under tightly controlled conditions. HVDC control systems should have the ability to precisely affect the dc voltage and current to provide the desired power transfer. A two-terminal HVDC system is the most used configuration, which contains a rectifier and an inverter station, each of which has its own control system. The steady-state V d -I d control characteristic of an HVDC system is shown in Fig. 4 . As can be seen from the figure, the control system at the rectifier station includes min −α, constant current (CC) and min −I d controllers, and voltage-dependent current order limiter (VDCOL), and the inverter control system consists of min −γ, current error and CC controllers, and VDCOL.
It should be noted that the rectifier and inverter stations must have controllers in operation that are opposite to each other. Otherwise, the operational intersection point between rectifier and inverter stations will not be created, and the control system will never become stable [22] . Fig. 5 depicts the block diagram of the inverter control system consisting of four controllers, which are described in detail as follows.
1) min−γ controller: Line AB in Fig. 4 shows the V d -I d characteristic of this controller, which is plotted according to (3). The min −γ controller (also referred to as the constant extinction angle (CEA) controller) is used to regulate the dc voltage under normal conditions. This controller ensures that the extinction angle remains at its minimum value (γ min in Fig. 5 ) to reduce the reactive power consumption of the inverter. 2) CC controller: Line CD in Fig. 4 defines the CC characteristic of operation at the inverter. In order to maintain a unique operating point of the dc link, defined by the intersection point B of the rectifier and inverter characteristics, a current margin of ΔI d = I dr − I di is considered. Even though the current demanded by the inverter I di is usually less than the current demanded by the rectifier I dr , the current margin is set to be large enough (typically 0.1 p.u., as shown in Figs. 4 and 5) so that the rectifier and inverter CC modes do not interact due to any current harmonics, which may be superimposed on the dc current [10] .
3) Current error controller (CEC):
When the inverter operates in a weak ac system, the slope of the CEA characteristic (Line AB) is quite steep and may cause multiple intersection points with the rectifier characteristics. To avoid this, a CEC (see block CEC in Fig. 5 ) is used to modify Line BC of the CEA characteristic in Fig. 4 . The advantage of this controller becomes evident when there is a voltage reduction at the rectifier ac bus forcing Line GH to move downwards. The operating point then moves to point C and the inverter switches to CC control. 4) VDCOL: The purpose of deploying VDCOL is to prevent power instabilities during and after faults in the ac network. It reduces the stress on the inverter valves by decreasing the dc current during commutation failures involving short circuit across the dc bus. Moreover, immediately after the fault clearance, VDCOL gradually increases the dc current according to its function, which contributes to the recovery of the inverter station after commutation failures. Since the risk of commutation failure at the inverter station is higher than the rectifier one, the inverter control system is also equipped with a CFPM. The function of the CFPM is to predict the commutation failures resulting from ac fault incidents as well as other system disturbances, which may lead to reduced commutation margins. More precisely, once a fault occurs, the CFPM detects the possibility of commutation failure by measuring the ac system instantaneous values and then deducts an additional angle from the inverter firing angle to enlarge the commutation margin, thereby reducing the probability of commutation failures. 
B. Proposed CFPM
As discussed in Section I, one of the main drawbacks of the existing firing-angle-based control strategies is that the intensity of the fault incident is neglected for the determination of the reduced firing angle. In order to overcome this challenge, this paper proposes a CFPM based on Thevenin's impedance through phasor measurement unit (PMU) measurements at the inverter ac bus. Since the value of Thevenin's impedance seen from the inverter ac bus decreases when the fault severity increases, it can be a suitable parameter for the determination of the fault severity and the deduction of the firing angle.
According to Thevenin's theorem, Thevenin's equivalent impedance for any two terminals of the network is the impedance seen from those terminals when the sources are set to zero. Fig. 6 depicts Thevenin's equivalent impedance seen from terminals AB during a fault with the impedance of Z F , where the upstream and downstream equivalent voltage sources are set to zero. In the figure, the upstream and downstream equivalent impedances are, respectively, denoted by Z U and Z D , and x is a parameter that represents the distance from the fault location to terminals AB. Thevenin's equivalent impedance seen from terminals AB is calculated by
It can be seen from (4) that the value of Z t decreases when the fault severity increases [23] [24] [25] .
Based on Thevenin's equivalent model shown in Fig. 7 , the voltage equation at each node of the power system can be 
According to (5), the voltage equation at the inverter ac bus becomes
where E tib and Z tib represent Thevenin's equivalent voltage source and Thevenin's equivalent impedance seen from the inverter ac bus station, respectively. The phasor diagrams of two (V ib , I ib ) pairs measured at different time instants by a PMU installed at the inverter ac bus are displayed in Fig. 8 . Since E tib is Thevenin's equivalent impedance seen from the inverter ac bus, its magnitude for both measurements is identical. However, its angle in the second measurement is shifted by an angle equal to the phase drift because of the variations in the system frequency. With reference to Fig. 8 , the equation of E tib for the first measurement is expressed as follows: (8) where R tib , X tib , P ib I , and Q ib I represent Thevenin's equivalent resistance, Thevenin's equivalent reactance, and active power and reactive power at the inverter ac bus, respectively. By following the same procedure, the equation of E tib for the second measurement can be expressed as in the impedance plane, which specifies a locus for Thevenin's impedance seen from the inverter ac bus. However, (11) that is obtained by two (V ib , I ib ) pairs measured at different time instants cannot determine a certain value for Z tib . Hence, another measurement is required to be used with the first and second measurements to create two other circles for Z tib . The intersection of these three circles specifies a certain value for Z tib . It should be highlighted that since location, type, and impedance of fault and the configuration of the connected ac network have an influence on the values of voltage and current measured at the inverter ac bus, the impact of these factors is inherently taken into account in the obtained value of Z tib . Assuming no losses in the inverter, the dc power fed into the inverter is equal to the ac power emanating from it
Substituting V di , I di , and I ib , respectively, from (1), (3), and (6) into (12), γ i can be expressed as
Assuming that the firing angle has not changed before CFPM activation, the required Δα that should be deducted from the valves' firing angle order to prevent the commutation failure can be calculated as
where γ min is the minimum extinction angle, in which commutation failure does not occur, and γ i is the reduced extinction angle due to the ac fault. Equation (14) shows that the decrease of Z tib increases Δα. Moreover, it can be seen from (4) that the increase of fault intensity leads to the reduction of Thevenin's impedance. Therefore, more severe faults require larger Δα. However, it was observed in both simulation and experimental results that values of Δα larger than 0.476 rad contrarily cause more commutation failures. This can also be proved theoretically by (1) , in which reducing the firing angle leads to more reduction in the dc voltage and increases the risk of commutation failure. Therefore, (14) was replaced by a lookup table, where the suitable Δα (between 0 and 0.476 rad) is selected through comparing between pre-and post-fault values of Z tib . Moreover, deployment of the lookup table can significantly reduce the CFPM execution time, since retrieving a value from memory is much faster than undergoing a complicated computation. The schematic diagram of the proposed CFPM is shown in Fig. 9 . Once a fault occurs in the inverter ac side, Thevenin's impedance seen from the inverter bus is compared with that before the fault by a comparator. Since only ac faults with voltage reduction of greater than 8% cause commutation failure [19] , a predetermined threshold value is required to avoid unnecessary decrease of the firing angle, which leads to increase of the converter reactive power consumption. If the difference between these values exceeded the threshold value, a trigger signal is sent to a positive edge-triggered monostable multivibrator. This multivibrator generates a single-output pulse with a duration of T, when it sensed a positive edge on its input. The multivibrator output is connected to a multiplexer to select a Δα based on the comparison between pre-and post-fault values of Z tib during the period of T to decrease the risk of commutation failure. It should be noted that the proposed CFPM is executed in a 70-μs step, which corresponds to 1.26
• in a 50-Hz system, by considering the highest level of the DSP controller and using a PMU with sampling rate of 512 samples per cycle. This ensures that the proposed CFPM has a fast reaction to change in Thevenin's impedance seen from the inverter ac bus. It should also be highlighted that the precision of the developed CFPM can be enhanced by increasing the number of (V ib , I ib ) pairs measured at different time instants by the PMU, but it necessitates reducing the CFPM execution time to less than or equal to 70 μs.
From the cost-effectiveness viewpoint, even though the main cost of the proposed control strategy is related to a PMU, wide use of PMUs has resulted in relatively low cost of these devices. In fact, these devices have already been installed on numerous points on transmission and distribution levels on power networks. As such, by utilizing these devices and adding a few functions to the existing control systems of LCCs, the proposed solution can be very cost effective. Moreover, in order to estimate the cost-effectiveness ratio of the proposed strategy, the serious consequences resulting from the commutation failures should also be taken into consideration. The significance of this issue becomes more evident when the inverter supplies several ac networks, where a fault incident on one of them may cause a commutation failure and influences the performance of all of the connected ac networks.
IV. TEST NETWORK AND CASE STUDIES
A. Test Network
In order to validate the effectiveness of the proposed control strategy in this paper, several simulations have been performed using PSCAD/EMTDC software. The single-line Fig. 10 [26] . As can be seen from the figure, the backbone of the test network is a monopolar 500-kV and 1000-MV HVDC link with 12-pulse converters on both rectifier and inverter sides. Smoothing reactors, ac filters, and shunt capacitors are also provided on both sides, and the filters are tuned to absorb the harmonics generated by the converters. The ac networks of converter stations are modeled by a voltage source in series with an impedance and are connected to the transformers through rectifier and inverter buses (rb and ib in Fig. 10 ). The parameters of the test network are listed in Table I . Fig. 11 shows the performance of the proposed control strategy during different types of ac system faults at point F in Fig. 10 . In all cases, the fault is applied at t = 0.4 s for a duration of 0.4 s, and the fault impedance is 48 Ω. I di , V di , and γ i represent the measured direct current, dc voltage, and extinction angle at the inverter station; also, P denotes the active power flowing from the HVDC link. It should be noted that in all of the simulation cases, the equivalent commutating impedance of the inverter has included not only the transformer leakage impedance, but also the impedances of filters and the connected ac network [27] [28] [29] .
B. Case Studies
Referring to Fig. 11(a) , when an SLG fault occurs on phase A at t = 0.4 s, the ac voltage decreases and the involved commutating voltages are distorted in phase and reduced in magnitude, which results in the reduction of the dc voltage V di magnitude due to principles of ac/dc conversion. This sudden drop in V di causes I di to increase to keep the active power P at the rated power of the inverter station according to P = V di I di . Since the overlap angle (μ) is directly proportional to the direct current, it also increases and reduces the extinction angle (γ i ), leading to a commutation failure, which interrupts the active power transmission at t = 0.43 s. In order to prevent this event, the CFPM compares pre-and post-fault Thevenin's impedances seen from the inverter bus, i.e., Z tib (t − 1) and Z tib (t) in Fig. 12 , and applies a pulse depending on the fault intensity of about 70 μs after the fault initiation to decrease the firing angle, which leads to increase of γ i . The applied pulse ends at t = 0.45 s, γ i decreases, and the VDCOL function in the inverter control system is activated at t = 0.45 s. At this point, V di reaches the lower setting of the VDCOL function to maintain the current order at a constant value. Eventually, the fault is cleared at t = 0.7 s, and the system reaches its prefault values after 0.08 s. The same analysis can be used for line-to-line (LL), line-to-line-to-ground (LLG), and TP faults, as shown in Fig. 11(b)-(d) , respectively. It should be noted that γ min (in Fig. 5 ) has been set such as to consider a lower dc voltage under normal conditions to make the inverter more sensitive to the commutation failure and provide worse conditions for validation of the CFPM performance. Since the nature of the ac voltage is sinusoidal, the performance of the proposed control strategy is influenced by the fault initiation time. In order to investigate it, several simulations were conducted, in which faults were applied at different points along the ac voltage sine wave. The simulation results for various types of faults with different fault impedances are shown in Figs. 13-16 . In each of the figures, the performance of the proposed control strategy for ten fault initiation times ranging from 0.4 to 0.418 s (covering a complete one cycle) with step times of 0.002 s is evaluated. Also, the results are reported for different values of fault impedance ranging from 0 to 114 Ω.
In Figs. 13-16 , white markers denote the simulation cases, where no failed commutation is observed even without applying the CFPM. In majority of fault initiation times with different fault impedances, indicated by green markers, the CFPM can completely prevent commutation failures, whereas in some severer fault conditions that are specified by yellow markers, the decrease of the firing angle through the CFPM can only prevent from repetitive commutation failures. Moreover, for some fault initiation times such as t = 0.406 s and t = 0.416 s, specified by red markers, it cannot be effective at all. It is because of the fact that the commutation process on the involved valves at such time instants is going to start immediately or is ongoing; also, the red cells at other time instants represent the simulation cases, where the fault impedances are too low and the CFPM cannot inhibit the commutation failure. Such a behavior was explained in Section III-B that values of Δα larger than 0.476 rad contrarily cause more commutation failures. Therefore, the proposed CFPM has been designed to prevent commutation failure or repetitive commutation failures with a maximum Δα of 0.476 rad.
V. HARDWARE-IN-THE-LOOP TESTING
A. Experimental Setup
In order to further validate the performance of the proposed control strategy under real-time conditions, a hardware prototype has been developed. For such a development, the Opal-RT OP5600 HILBOX has been used, integrating digitalanalog I/O and GPS cards. More precisely, the system is equipped with an OP5330 analog-out card (16 single-ended digital output channels with a 16-bit resolution D/A converter), an OP5340 analog-in card, and a GPS TSync-PCIe card.
The layout of the experimental setup is depicted in Fig. 17 . The entire real-time model consists of two separate subsystems, whereby "Subsystem A" represents the power network (i.e., LCC-HVDC system), and "Subsystem B" represents the control system including the proposed CFPM. The input signals to the control system (Subsystem B) are extinction angles, and dc and ac voltages and currents produced by Subsystem A (i.e., measurements at the inverter side). Accordingly, the output of the control system (which is the determined firing angle for the inverter thyristors) forms an input to Subsystem A. The signals' exchange between these two subsystems is done through actual electrical connections between analog-in and analog-out cards. The electrical connections are established using DB-37 breakout slim boards. Also, in order to get time-synchronized measurements (i.e., realization of PMU), TSync-PCIe GPS card is applied.
It should be noted that all of the input and output signals are converted to proportional voltages. Moreover, the signals have been scaled up by a factor of 3 (compared to the results shown in Fig. 11 ). The actual experimental arrangement is depicted in Fig. 18 .
B. Experimental Results
The experimental results captured during real-time simulation are presented in Fig. 19 . For ease of comparison between simulation-and experiment-based performance of the proposed scheme, the four study cases presented in Section IV-B (see Fig. 11 ). As can be seen from the figure, the results obtained from the experiments match the simulation results shown in Fig. 11 , and the proposed approach can effectively prevent the commutation failure or repetitive commutation failures during different types of ac faults.
VI. CONCLUSION
One of the main drawbacks of the existing firing angle-based control strategies in LCC-based HVDC systems is that the intensity of fault incident is neglected in the determination of the firing angle deduction. In this paper, after further investigation of the communication failure mechanism, a predictive control strategy was proposed, in which the difference between preand post-fault values of Thevenin's impedance seen from the inverter ac bus was utilized for the determination of the fault severity and the deduction of the firing angle. To verify the feasibility of the proposed approach, SLG, LL, LLG, and TP faults with diverse fault impedances and fault initiation times were applied to an LCC-HVDC test network. The simulation and experimental results indicated that the proposed approach is able to considerably prevent the commutation failure or repetitive commutation failures during different types of ac faults.
